BACKGROUND 23 USA300 methicillin-resistant Staphylococcus aureus (MRSA) is a community-and hospital-24 acquired pathogen that frequently causes infections but also can survive on the human body 25 asymptomatically as a part of the normal flora. We devised a comparative genomic strategy to 26 track colonizing USA300 at different body sites after S. aureus infection. 27
genotyping methods that lack the genetic resolution to distinguish between persistent 85 colonization by a strain and acquisition of a new colonizing strain [16] . However, two recent 86 studies have used whole genome sequencing to demonstrate the persistence of single USA300 87 clones to cause recurrent infections in individuals [17, 18] . 88 89 There have now been a number of comparative genomics studies on USA300 MRSA. These 90 have included studies using the fine scale resolving power of genomics to characterize the 91 global population structure [13, [19] [20] [21] and transmission patterns between patients [22, 23] , 92 within households [24] [25] [26] and in recurrent SSTIs [17] . In this work we explored the diversity of 93 USA300 on the bodies of subjects during a year of surveillance after an initial, clinically 94 significant USA300 MRSA infection. In individual subjects within a prospective cohort, we set 95 out to determine whether a single USA300 clonal lineage persisted after an infection, whether it 96 persisted on or spread among three body sites, and how the genome changed in the clonal 97 lineage during a year of observation. 98 year later and were again cultured at the same three sites (time 2). A medical record review was 106 performed to determine the site of the initial MRSA infection and to determine if a true infection 107 was present [27] , the therapy used to treat infection, demographics, and comorbidities. Each 108 subject was administered a detailed survey to assess risk factors for MRSA infection. All S. aureus isolates, including the initial infection isolate (III) and up to a single isolate obtained from 110 each colonization culture, were frozen at -80C. All of these isolates underwent genotyping by 111 MLST, PCR for the presence of the PVL genes, and, for MRSA isolates, SCCmec typing. 112 113 For the present study, all subjects who had an ST8 MRSA III isolate and one or more ST8 S. 114 aureus isolates obtained from colonization cultures at one or both colonization culture visits 115 were included (n=31/169, 18.3%). Two of the III samples were lost, leaving 29 III from 31 116 patients. 93 isolates from these 31 subjects underwent genomic preps and Illumina sequencing. 117
Methods

99
Strain Isolation and Phenotypic Testing
All strains produced hemolytic clear zones on blood agar plates. 118
Illumina Sequencing
119
Genomic preps were prepared with the DNeasy Blood and Tissue Kit (Qiagen, Germantown, 120 MD). Libraries for sequencing 93 strains were constructed using Nextera technology (Illumina, 121 Inc., San Diego, CA). Libraries were sequenced on an Illumina HiSeq instrument using either 122 100 nt or 125 nt paired-end protocols. 123
Sequence Data Analysis
124
Only two strains had less than 100x predicted genome coverage (assuming an average 2.9 125 Mbp). For consistency, all other genomes were downsampled to 100x coverage before 126 assembly. All but two strains (both III) were found to be ST8 by genome-based MLST. These 127 two outlying strains were not included in subsequent analysis. FASTQ sequencing output files 128 from strains with more than 100x coverage were downsampled using a custom script 129 to cross-validate SNPs predicted by parsnp and to identify frameshifts and small indels. Plasmid 142 content was found to be variable between strains (discussed below), and therefore not useful for 143 comparisons across the whole dataset. Two ST8 strains fell outside of the USA300 subgroup 144 and were therefore excluded from the rest of the study, leaving a total of 89 strains. Due to 145 these exclusions, 2 patients were not represented by any samples and we therefore 146 concentrated our analysis on the 29 remaining patients. 147
148
The concatenated common aligned portion (2,471,416 of the 2,872,915 bp [86%] 149 USA300_TCH1516 reference) was used as the input for the recombination detection program 150 ClonalFrameML v1.0-19-g9488a80 [36] , along with a maximum likelihood guide tree produced 151 by RAxML [37] v7.2.8. We removed 10,884 bp from the alignment identified by ClonalFrameML 152 [36] as possibly of recombinant origin and then used as input for a maximum likelihood 153 phylogeny under the GTRGAMMA model with 100 bootstraps using RAxML. Noisy (v1.5.12) 154
[38] was used to scan for potentially homoplasious sites in the alignment. 172 We performed univariate testing (chi square, Fisher exact, Wilcoxon rank-sum or t-tests) to 173 determine if subject characteristics (see list in supplemental data) were associated with 174 colonization with an ISL (see discussion of ISL below) after III at times 1 and 2. We used the 175 Bonferroni correction to compensate for multiple comparisons. 176
Results
177
Colonizing ST8 S. aureus Strains Can Be Isolated 12 Months Following Initial Infection 178
We recruited an initial study cohort of 169 patients, among whom 29 presented with a ST8 179 MRSA infection and were subsequently found to have at least a single ST8 S. aureus isolate 180 obtained from a colonization culture at one or more of the 3 tested body sites at time 1 181 (enrollment) or time 2 (12 months). Study subjects received 0-6 antibiotic drugs during treatment 182 for the index infection (Additional File 1). S. aureus III from the site of infection were retained 183 prospectively for further study and underwent whole genome sequencing. Nose, throat and 184 perirectal body sites were cultured at time 1, and S. aureus was isolated from 16, 15 and 17 185 patients, respectively. Approximately 12 months after the initial visit (time 2), we isolated S. 186 aureus from 6, 3 and 4 subjects from nose, throat and perirectal sites, respectively ( Table 1 and 187 Additional File 1). While all III isolates were obtained from suspected sites of infection, on review 188 of the medical record, 2 were found to be obtained from sites of colonization and did not require Subject's Body 213
As mentioned above, in most cases, the strains isolated from one subject clustered into a 214 monophyletic group with relatively short branch lengths. We termed these groups ISLs, and we 215 inferred that all strains within them derived from a single recent introduction to the subject's 216 body. Based on the phylogeny we removed six strains from ISLs because they were obviously 217 phylogenetically unrelated to the other strains in the ISL. Five subjects (10,15,17,23,26) had 218 colonizing strains from a different ISL than the III strain, suggesting infection with more than one 219 USA300 lineage. After removing these non-conforming strains, we were left with 23 subjects 220 with an ISL that included an III isolate and at least one other body site isolate. For 14 of these 221 ISLs, the III branched first (with > 80% bootstrap support) from the predicted Most Recent 222 Common Ancestor (MRCA) relative to the other nodes, as would be expected in a scenario 223 where the infection occurred soon after an initial introduction of a strain that subsequently 224 spread to other body sites. In three of the ISLs in which the III branched first, there was at least 225 one other strain, obtained from a colonization culture, with identical sequence (no SNPs). In the 226 other nine ISLs a strain other than the III branched first, suggestive of a MRSA infection 227 following earlier colonization. 228
229
Of the 23 patients with a USA300 ISL, 15, 11, and 15 (50%, 39% and 54%) at the time 1 230 (enrollment) visit had an an isolate from the same ISL in the perirectal area, throat and nose, 231
respectively. Following up one year later (i.e., time 2), 6 (21%) patients still had a strain from the 232 same ISL in the nose, and 3 (11%) each in the throat in the perirectal area. Strains were 233 isolated at time 2 in 9 of the of original 23 ISLs (Table 1) . Fourteen subjects had more than one 234 body site colonized by a strain from within an ISL at enrollment (time 1); only 2 subjects were 235 colonized at more than one site with an ISL a year later. 236
Lack of Association Between Subject Characteristics and Persistence of an ISL 237
In univariate analyses, we found that no tested subject characteristics, including age, sex, type 238 of insurance coverage, race, treatment of the index infection with clindamycin, with vancomycin 239 or with trimethoprim-sulfamethoxazole, or pet exposure (see complete list in supplemental data) 240
were significantly associated with colonization with an ISL after III at times 1 and 2 after 241 Bonferroni correction. 242
Genetic Distance Between and Within ISLs 243
For each strain we calculated the number of SNPs between every other strain in another ISL 244 and compared it to the number of SNPs within an ISL ( Figure 2 ). Outside of the one possible 245 example of direct transmission between patient 3 and 30 ( Figure 1 ), strains in different patients 246 had from 48 to 162 SNP differences, with a median of 106. The range for strains in the same 247 ISL was 0 to 26 with a median of 5. 248
249
The intra-ISL relationships were further analyzed by measuring the number of SNPs between 250 each strain and the III ( Figure 3 ). As expected, within host analysis showed that there were a 251 significantly greater number of SNPs between the III and strains from time 2 (range 2-26: 252 median 10) compared with time 1 (range 0-12: median 3) (t-test, P < 7.8e-7). However, there 253 was no significant pattern to the number of SNPs differing in the III and each of the three tested 254 body sites (ANOVA p = 0.8). The ranges for each body site were: nose, 0-22 (median 4.5), 255 throat, 0-19 (median 7) and perirectal 0-16 (median 3.5). 256
257
We used FASTML [39] to reconstruct the sequence of internal nodes of the phylogeny and then 258 found the number of SNPs differing between each strain of an ISL and its MRCA. There was a 259 significantly greater number of SNPs from the MRCA at time 1 (median = 2) compared with time 260 2 (median = 9.5) (t-test, p < 7.7 e-13) ( Figure 4A Two subjects had strains containing a 4.5 kb plasmid > 99% similar to pT181 [56] 323 (NC_001371.1) and pUSA02[52] (NC_007791), with the tet(K) tetracycline resistance 324 determinant. One of these was the III of subject 17, which was in a different ISL from the other 325 strains isolated from this person (Figure 1 ). From subject 12, the III and 2 other strains 326 contained the tetK plasmid, but the nose strain did not. The most parsimonious explanation for 327 the phylogenetic pattern was that the strain originally infecting the subject was tetracycline 328 resistant and the nose isolate had been cured of the plasmid. Neither subject 12 nor 17 were 329 recorded as being treated with a tetracycline. 330
331
In subject 30, who was not treated with a β-lactam antibiotic for the index infection, the nose 332 isolate had lost its blaZ gene owing to a deletion. The throat isolate from subject 30 was was 333 identical in its core chromosome sequence and had a plasmid with no deletion. In two subjects, 334 strains switched from MRSA to MSSA because of deletion of the SCCmec cassette, which 335 included the mecA gene. On subject 4 the III was MRSA but all three strains isolated at time 2 336 (the 1-year visit) were MSSA. For subject 1, the situation was reversed. The III was MSSA, but 337 the other strains isolated were all MRSA. The most parsimonious explanation was loss of the 338 genes in the ancestor of the III shortly after colonization of the subject. Neither subject 1 nor 4 339 was treated with a β-lactam antibiotic for the index infection. 340
SNP Patterns Do Not Show Signatures of Strong Positive Selection within ISLs 341
Of the 1,882 SNPs in core regions, 1,494 (79%) were in genes and of these, 1,101 (73%) 342 Poisson test, we did not find a significant deviation from the number of mutations that would be 347 expected based on the gene length, if the mutations were occurring randomly across the 348 genome. The gene with most changes was USA300HOU_1372, encoding an extracellular 349 binding protein precursor (ebp) with 27 mutations; this protein is also the largest in the genome 350 (10,421 amino acids). USA300HOU_0192 encoding a non-ribosomal peptide synthase (2397 351 aa), had the second most changes with 7 mutations. Most mutations were only found in one 352 strain and more than 95% were found in 7 or fewer genomes. This was a result of the sampling 353 strategy employed in the study, where a maximum of seven strains was taken from the same 354 subject. Mutations that occurred frequently were those found only in the reference (and hence 355 common to all 89 strains sequenced here), in deeper branches of the tree, and those causing 356 ciprofloxacin resistance. 357
358
We looked to see if there were any functional differences between SNPs that occurred only in a 359 certain body site, as it is possible that there was tissue dependent selection that may act over 360 multiple genes linked by common phenotype. We found 50, 190, 187 and 246 SNPs unique to 361 nose, perirectal area, throat and III, respectively (the lower number for nose was because there 362 were no isolates from this site on isolated branches of the phylogeny (Figure 1 ). Using 363 PANTHER [34] we looked for pathways in the Gene Ontology enriched for genes affected by 364 terminations and non-synonymous mutations at each site but found no significant results after 365 multiple hypothesis correction. 366
367
Deletions in Agr and ACME/SCCmec/ɸSa2 Deletions Within ISLs 368
We found that chromosomal indels reshaped virulence and resistance elements in the III and 369 colonization strains. ACME is a 31 kb mobile genetic element that has been suggested to be 370 important for the success of North American USA300 strains [58] (although it absent from South 371 American strains) [19] . Eleven strains in this study were found to have a deleted ACME and one 372 partially deleted. In 6 subjects, the ACME element appears to have been lost by strains within 373 the ISL (assuming the MRCA of the ISL was ACME+). In subject 25, who was not treated with 374 any antibiotic for the index infection, all strains were deleted in their ACME element and also 375 lost their flanking SCCmec cassette, making them MSSA. Two strains isolated from the 376 perirectal region of subject 20 were missing the ɸSa2 prophage carrying the PVL lukSF genes. 377
These accessory genes are postulated to be important for SSTIs caused by USA300 (discussed 378 by Otto, 2013 [59] ). 379 380 We also noted that 5 strains contained frameshift mutations in the key agr regulatory locus that 381 would theoretically render them less capable of causing toxin-mediated tissue damage [60,61] 382 (Additional File 2). However, these strains and all others isolated for this study were hemolytic 383 when grown on blood agar plates, suggesting that these mutations did not completely disrupt 384 the system. Two strains from subject 26 (in the III and first throat isolate) that were not part of 385 the same ISL, had frameshift mutations in different portions of the agrC gene. Three of six 386 strains from subject 11 isolated at both timepoints in all body sites carried the same frameshift in 387 the agrA gene encoding the regulatory protein, illustrating that the agr was not necessary for 388 long-term survival on patients and also showing that S. aureus strains with this mutation had 389 migrated between body sites. 390
Discussion
391
Assessing adult subjects with persistence of USA300 MRSA asymptomatic colonization after a 392 clinically confirmed or suspected USA300 infection, we demonstrated that a single ISL was 393 responsible for this persistence. Specifically, we showed that S. aureus ISLs, defined as having 394 SNPs difference between USA300 isolated at the same time from different body sites of patients 399 during a USA300 outbreak in Surinam [23] . Our finding here of stable colonization with a single 400 USA300 lineage for a year or more is also in line with the result of the shotgun metagenomic 401 study of Oh et al. [63] , who found that strain-specific SNPs for another another human 402 colonizing Staphylococcus species, S. epidermidis, could be recovered at the same skin sites at 403 sampling times 1-2 years apart, suggesting temporal stability. 404
405
In most cases, strains isolated from the three tested body sites belonged to the same ISL as the 406 isolate obtained from the index infection (i.e., the III), collected prior to the first test for 407 colonization. We also demonstrated that the stable ISL clonal lineage had arrived on the patient 408 recently before their enrollment in the study, on average within the previous few months 409 (median of 2 SNPs from the MRCA to the first isolates; Figure 4A ). This short time period from 410 introduction to the index infection may be a feature of the high virulence of USA300 [59], and it 411 might be interesting to compare to other S. aureus strain types. When the same patient was 412 sampled a year later (time 2), the chance that an ST8 S. aureus strain could still be isolated was 413 lower, but the ST8 isolates that were obtained at time point 2 were almost all from the same ISL. 414 415 Phylogenetic analysis suggested that in 13/23 ISL the III was either first branching or at least 416 identical to another first branching strain. This would support the hypothesis that later colonizing 417 strains derived from the ancestor of the III. In some cases, the tree supported an alternative 418 scenario, in which USA300 spread to different body sites before the index infection was 419 reported. Some caution must be used in interpreting trees from a small number of mutations, 420 however, and these patterns will need to be confirmed by repeating this sampling approach with 421 a larger number of patients. Nevertheless, our findings do raise important questions about the 422 anatomic distribution of MRSA before and after a clinically significant infection. MRSA may have 423 a widespread anatomic distribution prior to onset of an infection. By comparing the positions on 424 the ISL phylogeny of strains from the first and second time point for colonization testing, it is 425 possible that strains may have moved between or among body sites rather than just remaining 426 diversifying in place. These results also suggested that the nose, throat and perirectal area were 427 approximately equally efficient at maintaining S. aureus colonization, potentially challenging the 428 enduring belief that the primary human site of long-term S. aureus colonization is the anterior 429 nares [64] . Further studies are necessary to confirm this suggestion. 430
431
We did not identify a specific gene or locus that acquired an unusual number of SNPs 432 suggestive of positive selection. With the number of genomes in our study, we had limited 433 power to detect parallel mutations, especially those that may have been associated with 434 adaptation specifically to the anatomic niches of the nose, throat or perirectal region. We did, 435 however, encounter a significant number of genetic changes associated with movements of 436 mobile elements during the history of colonization, including phage and plasmid gain and loss 437 and loss of ACME and SCCmec elements. The latter two are particularly significant as they are 438 considered central to the success of the USA300 MRSA clone, although naturally occurring 439 deleted strains are not infrequently isolated [13, 20, 65] . We also encountered agr mutant strains, 
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